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A novel, entirely bio-derived polylactide carbohydrate copolymer (RP1) is used as a compatibilizer, to
produce bacterial cellulose (BC) poly(L-lactide) (PLLA) nanocomposites with improved mechanical prop-
erties. Contact angle measurements of RP1 droplets on single BC nanoﬁbres proved that it has a higher
afﬁnity towards BC than PLLA. RP1 has a comparable Young’s modulus, but lower tensile strength, than
PLLA. When RP1 was blended with PLLA at a concentration of 5 wt%, the tensile modulus and strength of
the resulting polymer blend decreased from 4.08 GPa and 63.1, respectively, for PLLA to 3.75 GPa and
56.1 MPa. A composite of BC and PLLA (with 5 wt% RP1 and 5 wt% BC) has a higher Young’s modulus
and tensile strength, compared to either pure PLLA or PLLA–BC nanocomposites.
 2012 Elsevier Ltd. Open access under CC BY license.1. Introduction
Recently, signiﬁcant research has focussed on the production of
polymer nanocomposites. Amajor impetus is the potential to signif-
icantly improve themechanical properties at very lowﬁbre contents
[1]. In the context of green nanomaterials, nanocellulose is often
used as the reinforcement [2,3]. It is attractive due to its high crys-
tallinity, which results in high ﬁbre stiffness. The stiffness of cellu-
lose crystals, measured using X-ray diffraction or estimated via
numerical simulations, has been determined to be in the range of
100–160 GPa [2]. The polymer matrix should also be bio-derived
and an attractive option is polylactide (PLA). Polylactide is currently
commercially produced on a large-scale in theUS, Europe, Japan and
China [4,5]. It derives from high-starch content plants, including
corn, via fermentation to lactic acid, formation of lactide and ring-
opening polymerisation [6,7]. PLA is currently applied in a range
of commodity plastic applications including packaging and ﬁbre
use [8], aswell as inmore specializedmedical applications, including
wound-healing, regenerative medicine and controlled release [9].
Nanoﬁbrillar cellulose can be obtained either via a ‘top-down’
approach, in which biomass is subjected to high shear forces in or-
der to create nanoﬁbrillated cellulose [10] or via a ‘bottom-up’ ap-fax: +44 (0) 20 75945638 (A.
.K. Williams), a.bismarck@
cense.proach, utilising the biosynthesis of cellulose by bacteria, such as
from the Acetobacter species [11]. One advantage of bacterial cellu-
lose (BC) is that it is inherently produced as a nanomaterial, there-
by obviating complex processing and nanostructuring steps [12]. In
addition, BC is a highly crystalline material (approximately 90%
crystallinity) [13]. The Young’s modulus of a single BC nanoﬁbre,
determined using Raman spectroscopy, has been reported to be
114 GPa [14]. These properties make BC an interesting reinforcing
agent for green nanocomposites.
A major drawback of BC, or indeed any other native nanocellu-
lose, is its inherent hydrophilicity, which results in poor adhesion
to hydrophobic polymer matrices, such as polylactide [15]. This
can be overcome by modifying the surface of cellulose crystals to
improve compatibility to a matrix, usually accomplished by graft-
ing various hydrophobic moieties onto the surface [15–18]. Poly-
mers have also been grafted ‘‘onto’’ or ‘‘from’’ the nanocellulose,
this has yielded nanocomposites with improved properties [19–
21]. BC can also be crosslinked with a polymer matrix using glutar-
aldehyde [22] or the BC network itself be crosslinked via glyoxaliza-
tion [23]. However, such crosslinking and grafting strategies
typically involve complex chemistry, large excesses of the grafting
agent and require rather harsh conditions. Alternatively, the poly-
mer matrix (for example, PLA) can, in some cases, be modiﬁed, for
example by incorporating or grafting maleic anhydride or methy-
lene diisocynate moieties onto the polymer backbone to enhance
the nanoﬁbre–matrix interface [24–28]. Such modiﬁcations of PLA
are highly problematic, suffering from substantially low yields
(0.7–3 mol% only) and complicated side-reactions leading to chain
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PLA does not always result in improved mechanical performance of
the nanocomposites. No signiﬁcant difference in the tensile
strength of the resulting nanocomposites compared to neat PLA
was observed by Nyambo et al. [29]. Placket [25] reported a 40% de-
crease in the tensile strength as a result of using maleated PLA
(5 wt%) in PLA-cellulose composites. The poor mechanical perfor-
mance of these composites can be attributed to polymer chain deg-
radation as a result of incorporating maleated PLA into the matrix.
Furthermore, all the current strategies involve petrochemicals,
some of which are toxic, thereby reducing the bio-derived content
of the composites.We have previously reported the preparation of a
new lactone 1 (Fig. 1), derived in three high yielding steps from D-
gluconlactone [30,31]. Copolymers of 1 and lactide (e.g. RP1,
Fig. 1) were signiﬁcantly more hydrophilic than PLLA. Herein, we
investigate the application of RP1 as a bio-derived compatibiliser
for the production of PLLA–BC nanocomposites with improved
mechanical properties.
2. Experimental section
2.1. Materials
Poly(L-lactide) (PLLA), purchased from Biomer (L9000,
MWP 150 kg mol1, D-content = 1.5%), was used as the matrix
polymer in the nanocomposites. 1,4-Dioxane (Sigma–Aldrich, ACS
Reagent,P99% purity) was used as the solvent for PLLA. The novel
bio-derived compatibilizer (RP1) was prepared according to the
previously published synthetic method [30]. Bacterial cellulose
(BC) was kindly supplied by Forschungs-zentrum für Medizintech-
nik und Biotechnologie GmbH, in wet pellicle form containing
94 wt% water. Prior to composite formation, the BC pellicle was
blended, using a laboratory blender (Waring Blender LB20EG, Chris-
tison Particle Technologies, Gateshead, UK) for 1 min and homoge-
nised, at 20,000 rpm for 2 min, using a homogeniser (Polytron PT
10–35 GT, Kinematica, CH) at a concentration of 0.4% (mg L1) in
water. This dispersion was ﬂash frozen, in Petri dishes, by immer-
sion into liquid nitrogen and subsequently freeze-dried (Edwards
Modulyo freeze-dryer, UK). The procedure enabled isolation of BC
nanoﬁbrils that are re-dispersible in 1,4-dioxane.
2.2. Characterisation of RP1
NMR spectra were collected using a Bruker AV500 instrument;
1H NMR spectra were collected at 500 MHz. CDCl3 was used as the
NMR solvent and the reference component. Size exclusion chroma-
tography (SEC) was performed on a Polymer Laboratories SEC 50
instrument with two Polymer Laboratories mixed D columns and
CHCl3, at a ﬂow rate of 1 mL min1, as the eluent. Narrow molecu-
lar weight polystyrene standards (Polymer Laboratories, mixed A
and B) were used to calibrate the instrument.
2.3. Determination of the contact angle of polymer melt droplets on BC
ﬁbrils
The wettability of an individual BC nanoﬁbre by either PLLA,
RP1 or a blend of RP1 and PLLA was studied using a direct wettingFig. 1. The synthesis of RP1 from monomer (1) and L-lactide.method [15,32]. The polymer (4.4 mg) was dissolved in CHCl3
(5 mL, to prepare a 0.06 wt% solution). This solution was left for
>20 h to ensure that the polymer had fully dissolved. Freeze-dried
BC (3.7 mg) was suspended in chloroform (5 mL, so as to prepare
an 0.05 wt% suspension). This suspension was homogenised for
2 min at 20,000 rpm. The polymer solution was then added into
the suspension and the resulting mixture was homogenised for a
further 2 min at 20,000 rpm, followed by ultrasonication for 1 h
in a low-power ultrasonic bath, to ensure adequate nanoﬁbril dis-
persion. The mixture was added drop-wise into a magnetic stirred
C6H14:CHCl3 mixture (80:20 by weight, 200 mL), which caused the
precipitation of the polymer onto individual BC nanoﬁbres. The
precipitate was ﬁltered using a PTFE membrane (0.2 lm pore size,
Sartorius Stedium Biotech, UK). The ﬁltrate was heated in air
(15 min at 180 C) while it was still on the PTFE membrane to melt
the polymer. The polymer coated BC was then investigated using a
high-resolution scanning electron microscope (LEO Gemini 1525
FEG-SEM, Oberkochen, D). The contact angles of the polymer drop-
lets on the cellulose nanoﬁbrils were determined for ﬁve different
droplets using the generalised height-length method, described in
literature [33].
2.4. Preparation of the nanocomposite ‘‘pre-pregs’’ with 5 wt% BC
loading
Freeze-dried BC (632 mg) was added into 1,4-dioxane (180 mL),
followed by PLLA pellets (12 g) and the dispersion stirred at 60 C
for 20 h. The resulting solution was then ﬂash frozen, in liquid
nitrogen and subsequently freeze-dried (Edwards Modulyo
freeze–dryer, Edwards High Vacuum International, West Sussex,
UK) to produce a nanocomposite ‘‘pre-preg’’. A nanocomposite
‘‘pre-preg’’ with RP1 as compatibilizer was also prepared. RP1
(0.6 g) and PLLA pellets (11.4 g) were added into the dispersion.
This formulation contains 5 wt% RP1, relative to the total polymer
content in the nanocomposite.
2.5. Manufacturing of the nanocomposites
The previously produced nanocomposite ‘‘pre-pregs’’ were
injection moulded using a piston injection moulder (Haake Minijet,
Thermo Scientiﬁc, Hampshier, UK). The barrel temperature and the
mould temperature were 190 C and 70 C, respectively. All the
samples were injected with an injection pressure and time of
500 bar and 30 s, and a post-pressure and time of 200 bar and
30 s, respectively. The injection moulded tensile test specimens
possessed a dog-bone shape, in accordance to BS ISO 527: 1996
type V. These dog-bone test specimens had an overall length of
60 mm, a gauge length of 10 mm, thickness of 3 mm and the nar-
rowest part of the specimen was 3 mm.
2.6. Thermal characterisation methods
The crystallisation and melt behaviour of the polymers were
investigated using DSC (DSC Q2000, TA Instruments, West Sussex,
UK) in a He atmosphere. Approximately 10 mg of each moulded
sample was used for a measurement. A heat-cool-heat regime
was employed. The sample was ﬁrst heated from room tempera-(a) Toluene, Sn(OBu)2:1:LLA = 1: 350:1650, 120 C, 20 h.
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temperature at a cooling rate of 50 C min1. The sample was then
re-heated to 200 C at a heating rate of 10 C min1. The crystallin-
ity (based on the 1st heating curve to evaluate the crystallinity of
the composites after thermal processing) of the composites was
calculated using Eq. (1):
vc ¼
DHm  DHc
DHomð1wÞ
 100% ð1Þ
where vc is the crystallinity of the composite, DHm, DHc, and DH
o
m
are the melting enthalpy and cold crystallisation enthalpy deter-
mined from the DSC curves and the melting enthalpy of pure crys-
talline PLLA (75.57 J g1), respectively [34]. w indicates the weight
fraction of BC in the nanocomposites.2.7. Tensile testing of polymer blends and their nanocomposites
The previously manufactured dog-bone shaped specimen of the
polymers (neat PLLA and RP1) and nanocomposites were tested in
tension, using an Instron universal material testing machine (In-
stron 4505, Instron Corporation, MA, USA) equipped with a 10 kN
load cell. The test was conducted in accordance to BS ISO 527:
1996. Strain gauges (FLA-2-11, Techni Measure, Studley, UK) were
glued onto the middle portion of the narrowest part of the dog-
bone shaped test specimens using cyanoacrylate glue (EVERBUILD
Building Products Ltd. Leeds, UK). The test was conducted at a
crosshead speed of 1 mmmin1. A total of ﬁve specimens were
tested for each type of sample.Fig. 2. Typical example of SEM images showing a polymer droplet on a single BC
nanoﬁbre, where the polymer is (a) PLLA, (b) PLLA and RP1 (5 wt%) and (c) RP1. The
arrow indicates the polymer droplet on a single BC nanoﬁbre. The scale bar
represents 200 nm.
Table 1
The wettability of the polymers, PLLA, RP1 and the
blend, on BC nanoﬁbrils.
Polymer Contact angle ()
PLLA 35.4 ± 1.6
PLLA–RP1 29.0 ± 2.7
RP1 14.9 ± 2.7
Table 2
Glass transition temperature (Tg), crystallisation temperature (Tc), melt temperature
(Tm) and crystallinity of the polymer and its nanocomposites.
Polymers Tg (C)a Tc (C)b Tm (C)c vc (%)
PLLA 63 ± 3 113 ± 2 171 ± 2 18 ± 2
RP1 52 ± 4 119 ± 1 151 ± 3 6 ± 2
PLLA–RP1 (5 wt%) 53 ± 2 113 ± 1 167 ± 4 5 ± 3
PLLA–BC (5 wt%) 58 ± 5 89 ± 4 167 ± 2 25 ± 5
RP1–BC (5 wt%) 45 ± 8 88 ± 2 146 ± 7 16 ± 6
PLLA–RP1 (4.75 wt%)–BC (5 wt%) 57 ± 2 87 ± 3 166 ± 6 28 ± 2
a Determined from half-Cp method.
b Obtained from the peak of the exotherm.
c Obtained from the peak of the endotherm.3. Results and discussion
3.1. Direct wetting measurements
The bio-derived copolymer RP1 was synthesized according to
the previously published method [31]. The method involves the
random copolymerisation of a carbohydrate derived lactone (1)
and L-lactide, using Sn(OBu)2 as the initiator (Fig. 1). RP1 has a
Mn of 68.8 kg mol1 and a polydispersity index of 1.55, it is com-
posed of 7 mol-% of 1. RP1 has a lower water contact angle (ﬁlm,
73; ﬁbre, 128) than PLLA (ﬁlm, 79; ﬁbre, 132) [30]. We hypoth-
esised that RP1 might be a suitable compatibiliser for PLLA–BC
nanocomposites, whereby the carbohydrate derived repeat units
(1) might preferentially adsorb onto the surface of BC and the lac-
tide repeat units would be compatible with the PLLA matrix. In or-
der to assess its suitability the wettability of BC nanoﬁbrils by RP1
was characterised. This was accomplished by the measurement of
the contact angles between polymer droplets deposited onto BC ﬁ-
bres. It involves precipitating the polymer onto BC ﬁbres, followed
by heating to melt the polymer [15]. The polymer droplets, on a
single BC ﬁbre, were imaged using SEM and the contact angle
was determined using the generalised drop length-height method
[33]. It should be noted that the direct wetting method measures
the receding contact angle rather than the advancing contact angle.
SEM images of PLLA, PLLA + RP1 (5 wt% RP1) and RP1 on single BC
nanoﬁbres are illustrated in Fig. 2. The contact angle measure-
ments showed that RP1 indeed possessed a higher afﬁnity (Table
1), i.e. lower contact angle, towards BC nanoﬁbres than PLLA. The
contact angles decreased from 35.4 for PLLA to 14.9 for RP1. This
decrease can be attributed to the higher hydrophilicity of RP1 com-
pared to PLLA [30]. Additionally, a polymer blend containing 5 wt%
RP1 in PLLA showed a lower contact angle than that of PLLA (see
Table 1), indicating the improved adhesion between the polymer
blend and BC.
Table 3
The mechanical properties of BC (5 wt%) reinforced PLLA, with and without RP1 (5 wt%) as the compatibilizer.
Samples E (GPa) E0 (GPa) r (MPa) r0 (MPa) e (%)
PLLA 4.08 ± 0.07 - 63.1 ± 2.0 - 1.7 ± 0.1
RP1 3.74 ± 0.04 - 35.6 ± 1.9 - 1.0 ± 0.1
PLLA–RP1 (5 wt%) 3.75 ± 0.05 - 56.1 ± 1.1 - 1.6 ± 0.1
PLLA–BC (5 wt%) 4.55 ± 0.03 4.99 ± 0.09 57.8 ± 5.9 76.6 ± 2.4 1.7 ± 0.2
RP1–BC (5 wt%) 4.33 ± 0.09 4.64 ± 0.05 51.9 ± 0.5 50.2 ± 2.7 1.5 ± 0.1
PLLA–RP1 (4.75 wt%)–BC (5 wt%) 4.71 ± 0.13 4.65 ± 0.05 67.4 ± 1.1 69.9 ± 1.4 1.9 ± 0.1
E, r and e denote the measured Young’s modulus, tensile strength and strain-to-failure, respectively.
E0 and r0 denote the predicted Young’s modulus and tensile strength using Cox–Krenchel’s and Kelly–Tyson models, respectively, assuming perfect ﬁbre–matrix interface.
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nanocomposites
The glass transition (Tg) and crystallisation (Tc) temperatures of
PLLA, RP1, the PLLA-RP1 blend and the nanocomposites are sum-
marised in Table 2. No signiﬁcant difference between the Tg of
the polymers and the nanocomposites was observed, probably
due to the low loading fraction of BC. In contrast, the Tc of the
nanocomposites decreased compared to the polymers, indicating
that BC aids polymer crystallisation. Indeed, BC is known to act
as a nucleating agent in PLLA crystallisation [35]. As a result, the
nanocomposites possess higher crystallinity than the neat
polymers.0
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Strain3.3. Tensile properties of neat polymer blends and their
nanocomposites
The tensile properties of both the polymers and the BC rein-
forced nanocomposites were determined (Table 3) and the charac-
teristic stress–strain curves are shown in Fig. 3. RP1 has a lower
Young’s modulus (E = 3.74 GPa) and lower tensile strength (r =
35.6 MPa) than PLLA (E = 4.08 GPa and r = 63.1 MPa). The crystal-
linity of RP1 (estimated from the melting enthalpy and compared
to that of crystalline PLLA) was just 6% (see Table 2). Its lower stiff-
ness and strength are likely due to this reduction in crystallinity,
presumably caused by the two acetyl substituents [36]. Blending
5 wt% RP1 with PLLA resulted in a reduction of the tensile strength
of the blend, which decreased by 12% from 63.1 MPa to 56.1 MPa.
As expected, the incorporation of the stiff BC (5 wt%) into PLLA re-
sulted in a higher Young’s modulus compared to PLLA, increasing
by 12% (from 4.08 GPa to 4.55 GPa). This increment is consistent
with tensile modulus predicted using Cox–Krenchel model2 (see
Table 3). However, the tensile strength of the PLLA–BC (5 wt%) nano-
composite decreased by 10%, from 63.1 MPa for PLLA to 57.8 MPa.
This is consistent with our previous ﬁndings and is a result of insuf-
ﬁcient interfacial adhesion between BC nanoﬁbrils and PLLA [15].
When BC nanoﬁbres were used as reinforcing ﬁbres (5 wt%) for
RP1, the Young’s modulus of the resulting nanocomposites in-
creased from 3.74 GPa to 4.33 GPa (Table 3). It is important that
the tensile strength of the RP1–BC nanocomposite also improved
from 35.6 MPa to almost 52 MPa. This improvement is attributed
to the increase in the crystallinity of RP1–BC due to the incorpora-
tion of BC into the matrix and the better afﬁnity between BC nano-
ﬁbrils and RP1, which enables efﬁcient transfer of stress from the
matrix to the reinforcing nanoﬁbres. The direct wetting measure-
ments and micromechanical modelling corroborate the tensile
properties of the nanocomposites.
A BC reinforced PLLA nanocomposite, using RP1 as compatibiliz-
er (5 wt% relative to the total polymer content), was prepared. The
BC loading in the polymer was 5 wt%. The mechanical performanceStrain
Fig. 3. Characteristic stress–strain curves of PLLA and its nanocomposites.
2 The micromechanical modeling of the nanocomposites can be found in supple-
mentary information.of the PLLA–RP1–BC nanocomposite surpassed that of PLLA–RP1,
neat PLLA and even the PLLA–BC nanocomposite (Table 3). The
Young’s modulus and tensile strength of the PLLA–RP1–BC nano-
composite improved by 26% and 20%, respectively compared to
PLLA–RP1 and improved by 15% and 7%, respectively, compared
to neat PLLA. The PLLA–RP1–BC nanocomposite showed only a
marginal increase in the Young’s modulus compared to the
PLLA–BC nanocomposite, but the tensile strength increased to
the upper limit value predicted by Cox–Krenchel model, from
57.8 MPa to 67.4 MPa. Thus, using only 5 wt% RP1 as the compati-
bilizing agent, enables improvement of both the Young’s modulus
and tensile strength of the nanocomposite. This is likely due to the
enhanced wetting of RP1 on BC nanoﬁbrils (Table 1), which im-
proves the stress transfer between BC and the bulk polymer. The
strain-to-failure of the PLLA–RP1 blend remains unchanged com-
pared to neat PLLA. This could be due to the low concentration of
RP1 used in the blend. No difference in the strain-to-failure of
the nanocomposites was also observed when PLLA was reinforced
with 5 wt% of BC. When BC was used to reinforce RP1 and PLLA–
RP1 blend, the strain-to-failure increased from 1% and 1.6%, respec-
tively, to 1.5% and 1.9%. This result is in good agreement with the
direct wetting measurement, which shows that RP1 has better
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respectively. The enhanced ﬁbre–matrix interface increases the on-
set inelastic behaviour of the composites and results in the ob-
served higher strain-to-failure of the materials [37].
The chemical derivatisation of cellulose as attempted by others
[20] was unable to yield improvements in mechanical properties of
the cellulose nanocomposites; grafting of PLLA onto cellulose led to
somewhat inconsistent results. Furthermore, only dynamic
mechanical tests were conducted on PLLA grafted cellulose rein-
forced polylactide nanocomposites and these showed no improve-
ments of the mechanical properties of the nanocomposites at room
temperature. Our technique enables the same order of magnitude
of improvement in the tensile strength and stiffness, whilst requir-
ing only a third of the quantity of the cellulose compared to other
work.4. Conclusions
In conclusion, we reported the use of a bio-derived PLLA copoly-
mer (RP1) as a compatibilizing agent to produce BC reinforced PLLA
nanocomposites with high stiffness and strength. The preparation
of PLLA–BC nanocomposites, using 5 wt% RP1 as the compatibiliz-
er, resulted in an improvement of both the Young’s modulus (4%
higher) and the tensile strength (17% higher) compared to the
PLLA–BC composite. The bio-derived copolymer enables enhanced
ﬁbre–matrix stress transfer leading to better performance. The ap-
proach is completely different to the conventional use of petro-
chemically derived compatibilisers, such as maleic anhydride
grafted PLA, and highlights the potential to use bio-derived poly-
mers to prepare fully renewable composite materials.
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